A one-dimensional mathematical model is presented that describes the cross-shore evolution of a long linear mound of noncohesive sediment placed in the nearshore and exposed to non-breaking waves. The equation for the transport rate accounts for wave asymmetry and gravity, and the net rate is expressed by reference to an equilibrium profile shape. Simplifications reduce the governing equation for mound evolution to the diffusion equation, for which analytical solutions are available for various initial shapes of the mound. Temporal and spatial dependencies governing mound evolution are obtained from the analytic solutions; for example, a doubling of the wave height implies a certain mound response in 1/8 of the time compared to the original conditions. The governing equation is also solved numerically in order to avoid schematization of the forcing, initial, and boundary conditions. Both the analytical and numerical models are compared with data on mound evolution from several sites around the world. Model predictions agree with trends in measurements of four mounds at widely different sites. An example is given concerning the application of the analytical model for preliminary mound design. The formulation presented also applies to infilling of dredged trenches with lengths much greater than their widths.
Introduction
Placement of material in the nearshore is an economical alternative for bypassing of material dredged as part of inlet channel maintenance and for maintaining beaches. Material placed in the nearshore need not be exactly compatible with that on the beach, because sorting by waves and currents will tend to move coarser sediments onshore and finer sediments offshore. Different strategies exist for nearshore sand placement, including shoreface nourishment (Van Duin et al., 2004; Grunnet et al., 2005) and the placement of sand as an offshore mound (bar), where the latter method will be investigated here. Recognizing the positive attributes of linear bars for serving as a reservoir of sand in promoting beach growth, as well as their wave dissipation function, reports on nearshore mound performance have been given by, for example, Zwamborn et al. (1970) , McLellan (1990) , Otay (1995) , Foster et al. (1996) , and Barnard et al. (2006) . Although material placed within the nearshore becomes part of the littoral system, benefits to the beach have not been well quantified. If a nearshore mound is intended to be stationary, it is referred to as stable whereas if it designed to move, it is called active (Hands and Allison, 1991; Beck et al., 2012) . Here, a mound is regarded as stable if the cross-shore sediment transport is sufficiently small to induce only negligible changes in the mound shape according to a predefined criterion (for example, over 10 years). Movement of an active mound can take place as translation of its center-ofmass (across shore and alongshore) and significant dispersion or deflation in relief (e.g., Smith and Gailani, 2005) . In the present study it is assumed that the mound consists of sand, whether it is stable or active. Furthermore, the study specifically considers mounds subjected to transport by non-breaking waves, that is, mounds placed offshore and seaward of the surf zone where the cross-shore morphological development is dominated by non-breaking wave conditions. Such mounds are alternatively referred to as offshore mounds. Since longshore transport gradients are not considered, the analysis presented is most applicable to mounds that are constructed as long, linear, shoreparallel bars where changes primarily take place across the shore. The objective of this study is to derive and validate a simple cross-shore model for estimating the response of mounds constructed of dredged material, typically of sand, to non-breaking waves. Such a model would be useful for preliminary design of offshore mounds as well as for estimation as to whether a specific mound is active or stable. It is assumed that the main mechanisms controlling the sediment transport are wave asymmetry and gravity. A transport equation based on the bed-load formula proposed by Madsen (1991 Madsen ( , 1993 is employed and combined with the sand volume conservation equation to yield a diffusion-type equation for the mound evolution. After further simplification, analytical solutions are obtained that provide insight for preliminary design of mounds. The transport formula is also incorporated in a numerical model to solve the full equations without approximations in a general model of profile evolution. A numerical approach will allow for a more detailed evaluation of different mound designs, although this is not explored in the present study. A derivation of the sediment transport equation for describing the transport rate under non-breaking waves, accounting for wave asymmetry and gravity, is provided first. The transport equation is combined with the sand volume conservation equation to yield a diffusion equation from which analytical solutions can be obtained. These solutions reveal characteristic parameters that describe the main features of mound response to local wave forcing. Four applications (Silver Strand, California; Cocoa Beach and Perdido Key, Florida; and Maunganui Beach, New Zealand) are then given, where the diffusion model is employed to describe temporal mound response using the diffusion coefficient as a fitting parameter. An expression for the diffusion coefficient is derived based on the analysis for these sites. Subsequently, an example illustrating preliminary design of an offshore mound, using analytical solutions to the diffusion model, is discussed. The mound evolution is also simulated for the Silver Strand and Cocoa Beach cases with an existing numerical model (see Larson and Kraus, 1989) , which was extended to numerically solve the sediment transport equation for the mound. By employing the numerical model, schematizations carried out in the analytical model regarding forcing, initial, and boundary conditions are avoided and a more realistic evolution is obtained, especially regarding the spatially varying sediment diffusion around the mound.
Equation for sediment transport in the offshore
It is assumed that the sediment transport in the offshore, seaward of the surf zone, is mainly a function of wave asymmetry and gravity (compare Niedoroda et al., 1995) . The wave asymmetry tends to produce net onshore transport, whereas gravity contributes to the offshore transport. If there is a balance between these two mechanisms, an equilibrium slope is obtained where the onshore transport due to asymmetry corresponds to the tendency for increased offshore transport due to gravity. In order to develop a sediment transport equation for the mound, the bed load formula by Madsen (1991 Madsen ( , 1993 ) is used as a starting point. Thus, the instantaneous bed-load transport rate per unit width (q B ) may be expressed as, (1) where s (= ρ s /ρ) is the specific gravity of the sediment, g acceleration due to gravity, d the sediment diameter, β the local beach slope (= ; positive if the waves propagate upslope), φ m the friction angle for a moving grain, t time, and ψ the Shields parameter defined as, (2) where τ b is the instantaneous bed shear stress and ρ s and ρ are densities for sediment and water, respectively. The subscript cr,β refers to incipient conditions for sediment movement at the slope b. Although Eq. 1 was specifically developed for bed load transport, the overall dependence on the shear stress to the power 3/2 has often been used to calculate the total load, which may give the equation derived in the following more general applicability. In order to determine the net transport during a wave cycle, the instantaneous transport rate is integrated separately for the period of onshore transport (q B,on ) and offshore transport (q B,off ). Taking offshore transport to be positive (x-axis positive pointing offshore), the net transport during a wave cycle becomes q B,net = q B,off -q B,on . Thus, the net transport may be expressed as,
where A B (= ) is a coefficient that depends on the sediment properties and the integrals are defined by, (4) (5) where the shear stress is onshore directed when and offshore directed when . At equilibrium q B,on = q B,off , leading to the following expression for the local equilibrium beach slope (dh e /dx), after rearranging Eq. 3: (6) Using Eq. 6, Eq. 3 may be expressed as after some manipulation:
In order to employ Eq. 7 for calculating the net transport, the variation in shear stress during a wave cycle must be specified to determine I on and I off (see Eqs. 4 and 5) . Also, to include the effects of wave asymmetry a higher-order wave theory should be employed. In the simplified approach taken here, the shear stress will be directly related to the bottom orbital velocity (u b ) according to , where f w is a friction factor. Wave asymmetry will be described by two sinusoidal with different peak values (u p for the positive onshore part of the flow when , and u n for the offshore negative part of the flow when ). Neglecting the critical shear stress for incipient motion in Eqs. 4 and 5, the integrals may be solved by replacing the shear stress with the velocity, using the appropriate amplitudes, yielding the following expression, (8) where C B (= ) is a coefficient that depends on the sediment properties. If the asymmetry is not too strong, the sum of the integrals in Eq. 8 may be approximated by , where .
For simplicity, u o is taken to be the bottom orbital velocity as given by linear wave theory. Thus, Eq. 7 may be written,
where K c (= A B C B ) is a coefficient that in practice will be used for calibration of the model. Thus, the net transport rate is proportional to bottom orbital velocity cubed and the deviation from the equilibrium slope. The transport model may be compared to a formula given by Kobayashi (1982) for computing trench infilling by bedload transport on a gently sloping bottom.
Analytical solution to offshore mound response

General Solution
The sediment transport relationship for the offshore (Eq. 9), in combination with the sand volume conservation equation, may for certain conditions be simplified so that analytical solutions can be obtained for the profile evolution around the mound. Analytical solutions, although describing idealized situations, are useful for determining combinations of parameters that govern the characteristic time and space scales of profile response. These quantities can be employed for first-order estimates of profile response or for preliminary design of offshore mounds. If the transport equation is combined with the sand volume conservation equation and certain simplifications made, a diffusion equation will result for which analytical solutions are available.
Assuming that the bottom orbital velocity is approximately constant (u o = u oc ) in the area of interest, and expressing the response of the mound with respect to the equilibrium beach profile (EBP), with being the height of the mound over the EBP, yield the sediment transport equation:
The selection of a suitable value on u oc for field conditions will be discussed in connection with data comparison. In order to compute mound response to wave action, Eq. 10 is combined with the sand volume conservation equation given by:
Substituting Eq. 10 into Eq. 11 yields,
where:
Equation 12 is formally identical to the diffusion equation, and analytical solutions are available that cover a large number of initial and boundary conditions. Larson et al. (1987) presented several such solutions for the one-line model of shoreline change, which reduces to the diffusion equation under certain assumptions. They discussed previously published and new solutions related to the shoreline evolution resulting from the placement of a beach fill in the nearshore such that the shoreline is initially out of equilibrium with the wave climate. Several of the solutions for shoreline change have direct analogies with mounds (or, alternatively, dredged linear trenches) in the offshore. Under the assumption that Eq. 12 is valid for describing the crossshore response of a long offshore mound (or a dredged offshore trench) placed uniformly alongshore, the solutions presented by Larson et al. (1987) for various beach fill configurations are applicable and will describe the mound (trench) evolution (see also, Kobayashi, 1982) . Thus, the following general solution of the one-dimensional diffusion equation (Carslaw and Jaeger, 1959; Crank, 1973) describes the evolution of a mound (trench) in the offshore,
where f(x) is the initial shape of the mound (trench) and ξ a dummy integration variable. This integral may be explicitly solved for simple mound configurations. For example, the evolution of a rectangular mound (placed on top of an existing EBP) is given by the following solution (Larson et al., 1987) , (15) where Δz o is the initial mound height over the sea bottom, a half the mound width and erf the error function.
If the initial height of the mound is given with a negative sign, the solution will instead describe the filling by cross-shore sediment transport of a long trench dug in the offshore.
Characteristic Quantities for Mound Response
Leading quantities governing the response of an offshore mound or trench under cross-shore sediment transport can be identified by non-dimensionalizing solutions to Eq. 12, providing insight to the governing time and space scales. Also, these quantities allow comparison of the performance of different mound designs. The evolution of an offshore mound having an initial width a, will be governed by the non-dimensional time scale t'=ε d t/a 2 . Two mounds having the same configuration but differing in size will display the same non-dimensional evolution in time, if appropriately scaled. The control exerted by geometrical parameters on the evolution of a mound (or trench) can be assessed by comparing the non-dimensional quantities. For example, the maximum non-dimensional height of two mounds with the same initial geometric shape will be the same after time t'. Translating this relationship into dimensional time yields, (16) where the indices 1 and 2 refer to two different mounds. This equation shows that by doubling the width, a mound can withstand four times as long a period of the same wave action before experiencing the same relative decrease of the maximum height. The diffusion coefficient ε d enters linearly, but inversely, so that a doubling of ε d causes the time for the mound to experience a certain reduction to be halved. In a preliminary design situation, this equation is useful for examining the evolution of mounds with different geometric characteristics at a particular site (mounds exposed to the same wave climate). Dean (1991) reviews a similar relation for behavior of rectangular beach fill, in which the width of the fill has the same functional dependence as mound width in controlling evolution of the feature.
By expressing ε d in terms of the local wave climate, the impact of the wave properties can be assessed. By linear wave theory, (17) where L is the wavelength, H the wave height, and T the wave period. Again, comparing two cases and equating the non-dimensional time t' gives: (18) In the case of shallow water, Eq. 18 may be further simplified to yield:
Equation 19 illustrates the influence of the wave height and the water depth for comparing the evolution of two mounds of identical initial shape. For example, doubling the characteristic wave height causes a mound to respond in 1/8 of the time as compared to the original conditions. Similarly, placement of an offshore mound in deeper water increases the response time as depth to the 3/2 power, as compared to a base condition.
Comparison with Field Data
Comparisons of predictions were first made to measurements from two field sites where offshore mounds were placed. Because detailed information on the forcing could be obtained for these sites, simulations with a numerical profile evolution model were also carried out (discussed further below) to examine predicted mound response without introducing the simplifications of the analytical model. In the following, short descriptions of the two data sets are given; additional information is given together with the presentation of the numerical simulation results. Measurements of the profile through time made at a mound off Silver Strand State Park (Andrassy, 1991; Larson and Kraus, 1992) were evaluated with the diffusion model. An EBP was determined in accordance with Larson et al. (1999) and subtracted from the profile surveys to isolate the mound evolution. Wave measurements were carried out between January and May 1989 during which four surveys were taken (890119, 890215, 890315, and 890518, in YYMMDD format) . These measurements were employed to derive a statistically representative value on the forcing parameter included in the diffusion coefficient used in the analytical model (see next section). The January survey was made just after construction of the offshore mound was completed. Subsequent surveys revealed that most of the material moved onshore (see Fig. 1 ). During this period the wave climate was mild, and no major storms were recorded. Thus, these data constitute an excellent set for testing the analytical model (Eq. 14) developed to predict mound evolution in the offshore under nonbreaking waves. All profiles shown here were measured along Survey Line 5 (extending across the central portion of the mound; see Larson and Kraus, 1992) , where longshore perturbations were judged to be the smallest. The median grain size d 50 of the placed material was 0.20 mm. An optimum value for the diffusion coefficient, ε d =15 m 2 /day, was determined through visual fitting against the measured profiles. Fig. 1 illustrates the agreement between the measurements and analytical solution obtained by superimposing initially trapezoidal line segments as discussed by Larson et al. (1987) . The surveys were carried out approximately 27, 55, and 119 days after the post-construction survey (used as the initial profile here). As seen in Fig. 1 , the analytical solution produces symmetric diffusion of the mound, the result of specifying a constant diffusion coefficient (i.e., u oc constant). In a numerical approach, as shown below, ε d can be made a function of water depth, thereby producing more rapid diffusion in shallow water that better describes the skewed shape and onshore migration of the mound. However, despite various simplifications (e.g., schematization of initial, boundary, and forcing conditions) the analytical solution captures the overall response of the mound, and it can be applied to obtain estimates of quantities such as the decrease in the maximum mound height and reduction in mound volume, within the original boundaries of the mound. Cocoa Beach near Cape Canaveral served as a beneficial-use site for dredged material on three occasions between June 1992 and June 1994. The first placement was carried out in June 1992 in the northern half of the authorized site (approximately between survey lines 0 and +3500), whereas the second and third placements were conducted over longer time periods and broader areas. Data pertaining to the first disposal were considered here for further validation of the diffusion model. One survey was made immediately after construction of the mound followed by two surveys 136 and 291 days after the mound placement. An EBP was determined in accordance with Larson et al. (1999) and subtracted from the surveys to isolate the mound response. Evolution of Survey line 1,500 located in the central portion of the mound was analyzed, and the median grain size of the fill material was 0.14 mm. No wave measurements were carried out in connection with the profile surveying, but a wave hindcast showed that the mound was mainly exposed to non-breaking waves during the measurement period. Fig. 2 indicates the agreement between the analytical model of mound evolution and the measured profile. A diffusion coefficient value of 8 m 2 /day produced satisfactory description of the mound response. As for the Silver Strand mound, the analytical model predicted some seaward diffusion not observed in the measurements, attributed to overestimation of ε d in this region. Because the evolution of the mound is described with respect to an equilibrium profile that is monotonically increasing (depth) with distance offshore, the predicted diffusion of the mound at its seaward side will always be over-predicted. The greater the vertical difference between the elevation of the equilibrium profile at the shoreward and seaward side of the mound, the larger this effect will be. However, the overall evolution of the mound is well described by the analytical solution, creating confidence in the simple diffusion model for first estimates of how the mounds placed in the offshore respond to the action of non-breaking waves.
Dependence of Mound Diffusion on Wave Conditions
In order to apply the analytical model for preliminary design of offshore mounds, it is necessary to estimate the diffusion coefficient. Although relative comparisons can be made based on the characteristic quantities presented (e.g., Eqs. 18 and 19), it is of practical value to quantify the absolute evolution of a mound. However, there are few data sets on mound evolution suitable for determining ε d . In addition to Silver Strand and Cocoa Beach, two other data sets were identified for analysis of ε d . These two mounds were located at Maunganui Beach off the coast of New Zealand (Foster et al., 1996) and at Perdido Key, Florida (Otay, 1995; Work and Otay, 1996) . Analysis of data from these two sites produced ε d = 25 and 1 m 2 /day for Maunganui Beach and Perdido Key, respectively. Thus, fortunately, a wide range of ε d -values was obtained in the analysis, corresponding to a variety of conditions at the different sites. Representative wave quantities at Maunganui Beach were estimated based on various data sources which reported results of wave measurements off the New Zealand East Coast (see Table 1 in Foster et al., 1996 ; straight-forward averaging was employed to obtain the representative wave quantities). However, Foster et al. (1996) pointed out that the data records did not contain many storms implying that the wave height might have been somewhat underestimated. At Perdido Key, wave measurements were available from two wave gages, where the longest record encompassed 4 years. Values employed here were computed from mean wave quantities reported by Otay (1995) . The mean significant wave height and mean wave period T a obtained at the different sites were input to calculate the significant wave height H s,m and associated bottom orbital velocity u oc,m at a location corresponding to the initial maximum mound height (having the associated water depth h m ). Since the bottom orbital velocity to the power 3 is governing the sediment diffusion (see Eq. 13), it is probably better to work with a representative wave height based on when calculating u oc,m (see Walstra et al., 2013) ; however, for applications at sites with limited data it is more likely that is available compared to . Thus, this statistical measure was employed here. Thus, all wave quantities employed in this study were measured or hindcast for the period when the profile surveys were carried out, except Maunganui Beach which relied on more general estimates of the wave conditions. Table 1 summarizes the environmental conditions and sediment characteristics at the four different sites. Fig. 3 shows this relationship plotted for the analyzed data sets. Although the scatter is considerable, the clear trend indicates that Eq. 13 based on the mean local wave conditions may yield predictions on ε d that exhibit its main behavior, although the equation should be used with care and preferably a range of values on ε d employed to establish the variability in mound response. The bottom orbital velocity employed was calculated from the mean significant wave height at the peak of the initial mound during the measurement period. A least-square fit of Eq. 13 to the data points yielded K c =0.0024.
Efforts were made to estimate K c individually for each case and to relate these K c -values to various nondimensional parameters including grain size, but no clear relationship could be established. Presently available data are limited and do not support adoption of expressions for ε d that are more comprehensive than Eq. 8. The mound at Silver Strand was placed on top of a natural bar, whereas the other mounds were placed further offshore where the profile depth was monotonically increasing with distance offshore. This circumstance may have contributed to the apparent deviation of data point for Silver Strand from the overall trend of the points in Fig. 3 . 
Preliminary design of nearshore mounds
Preliminary design of mounds can be carried out based upon the analytic solutions, by which key parameters controlling mound response can be estimated. The analytical solutions were obtained through simplifications, and the limitations of these solutions should be realized. However, reasonable results were achieved for the field sites investigated; and the solutions should provide acceptable first estimates of the mound response if cross-shore sand transport under non-breaking waves is the dominant transporting mechanism. Also, the prevailing wave and sediment conditions should not deviate too much from the field cases summarized in Table  1 . For detailed analysis and design of offshore mounds a numerical approach should be taken. The solution presented by Larson et al. (1987) for a collection of line segments can be applied for any initial mound shape. Here, only the example of an initially triangular mound will be discussed (the solution for a rectangular mound is given by Eq. 15). Fig. 4 illustrates the time evolution of the non-dimensional maximum mound height and non-dimensional mound volume for a triangular mound. Height and volume were normalized with their values at time t=0, and the volume expresses the amount of material within the original boundaries of the mound, between x= -a and a. With knowledge of the typical wave climate (mean significant wave height and period) and the dimensions of the mound (height and width), Fig. 4 can be entered to estimate the height and volume after a certain time. Similarly, the water depth of placement can be optimized to achieve a specified spread of material (i.e., volume reduction) by reference to this figure. To simplify estimation of the diffusion coefficient when applying -4 m 2 /sec (=9.5 m 2 /day). Assuming an initial mound width of 100 m (a=50 m), mound response after 1 month can be determined from Fig. 4 . The nondimensional time is given by t'=9.5 30/50 2 =0.11. From  Fig. 4 it is seen that the remaining volume (ΔV/ΔV o , where ΔV is the mound volume and subscript o denotes the initial conditions) is about 90% of the volume placed originally, and the maximum height is about 60% of the initial height (Δz/Δz o ). Fig. 4 is valid for an initially triangular mound. Other mound shapes (e.g., rectangular) would display somewhat different evolution, especially regarding the decrease in Δz. However, the evolution of the remaining volume, being an integrated quantity, is less sensitive to the initial mound shape. The analytical solutions describing the time response of the mound can be applied to design both stable and active mounds, where the stability (or activity) of the mound should be defined in terms of changes in geometric mound properties over certain time scales. Finally, it is again noted that the solutions presented are equally applicable for trenches ("negative" mounds) if the basic mechanisms controlling the sand transport and bathymetric response are the same.
Numerical simulation of mound response
Modified SBEACH Model
To investigate the sediment transport model for mound evolution in the offshore without the approximations necessary to arrive at analytical solutions, the model was incorporated in an existing numerical model of profile evolution and dune erosion (SBEACH; see Larson and Kraus, 1989) . The original SBEACH model does not include the effects of wave asymmetry and gravity in the offshore, but the sediment transport in this region is primarily a function of seaward diffusion of sediment from the surf zone that is mainly characteristic for offshore transport and profile erosion. The main advantage of using a numerical approach is that the initial, boundary, and forcing conditions can be made arbitrary allowing for more realistic simulations (i.e., the diffusion coefficient varies in time and space). Also, the transport of material in the surf and swash zone could be incorporated, although the former was of minor importance for the transport on the mound in the cases investigated. Thus, the overall objective of the numerical simulations was to assess the applicability of the sediment transport model under more general conditions without limitations in characterizing the forcing or profile configuration.
Two field sites (Silver Strand, CA, and Cocoa Beach, FL) where the response of offshore mounds to waves was monitored in detail were available for calibration and validation of the sediment transport model developed for the offshore. However, the equation was first generalized to random waves through a wave-bywave calculation algorithm (Dally, 1992) , resulting in expressions for the mean transport rate analogous to what Larson (1996) obtained for the surf and swash zone. The sediment transport routine was then included in SBEACH to calculate the necessary hydrodynamic quantities and to predict cross-shore sediment transport rates in the surf zone (if necessary). Background information for the simulations are given in the following as well as summaries of the simulation results. Employing a transport equation in the form given by Eq. 9 requires predictive expressions for how h e varies with wave and sediment properties. For the surf zone, Dean (1977 Dean ( , 1987 proposed relationships based on median grain size or sediment fall speed (see also Bruun, 1954) . Larson et al. (1999) developed a predictive equation for the profile shape under nonbreaking waves, where the depth at breaking h b constituted the main parameter in calculating the shape (h b is the shoreward boundary for the portion of the profile exposed to non-breaking waves). This equation was adopted in the present simulations to derive the local EBP slope at every time step (used in Eq. 9).
Silver Strand, California
The numerical model was calibrated and validated with measurements for the mound placed off Silver Strand State Park (Andrassy, 1991; Larson and Kraus, 1992) . As previously described, four surveys were taken between January and May 1989, together with wave measurements. After placement, the mound diffused and most material moved onshore. Measured significant wave height, mean wave period, and mean incident wave angle were available about every three hours (in 10.9 m water depth) for 114 days. The water level was not recorded, but an hourly time series of tidal elevations was generated with a numerical model (DRP, 1994) . The simulations started with the measured profile at 890119, and comparisons were made between calculated and measured profiles for the other three surveys. The only calibration coefficient was K c , all other coefficients in the model were held constant in the simulations at their default values as recommended in the SBEACH manual (Rosati et al., 1993) . The time step was 20 min, and grid cell size was 10 m. The median grain size was set at 0.20 mm, in accordance with field samples. Fig. 6 displays the calculated profile after the entire simulation period (890518) together with the measured initial and final profile. The coefficient K c was calibrated to 0.03 by visually minimizing the difference between the final measured and calculated profile. Overall the model prediction was satisfactory, although the accumulation above mean sea level was not well described (not the focus of this study, but the entire profile shown since it is included in the simulation). This is likely a result of the model's limited ability to simulate accumulation in the swash zone. However, the actual profile probably also experienced some changes associated with longshore transport, not included in the present simulations. The diffusion of the mound, with most of the material moving onshore, was correctly reproduced similarly to the analytical model, but the possibility to vary the diffusion coefficient in time and space improved the simulated profile evolution with the numerical model. To validate the model, comparisons were made with the intermediately measured profiles, and Figs. 7 and 8 illustrate the results for surveys made at 890215 and 890315, respectively. Agreement is judged to be good, especially regarding the overall mound shape. For the survey made 890215, the trough seaward of the mound was more pronounced in the measurements, implying that the model fills up the trough somewhat too quickly.
Cocoa Beach, Florida
The second case investigated with the numerical model was the mound placement at Cocoa Beach, previously simulated for the analytical model validation. The profile surveys taken off Cocoa Beach only included an area that started in about 4 m water depth and extended to a little more than 8 m. Trial simulations were carried out for the surveyed area only (neglecting the inshore portion of the profile), but it proved difficult to formulate the shoreward boundary condition for such a situation and significant pile-up of material occurred at this boundary. Thus, a hypothetical profile was constructed shoreward of the survey area by linearly extrapolating the most inshore portion of the measured profile. The selected initial shape surely oversimplified the real profile configuration; however, after some simulation time the profile took on a more realistic shape. Also, the inshore shape did not markedly affect the response of the mound, although there was clear shoreward transport of material from the mound to shallower water. A time period of about 4.5 months (920728 to 921211) was selected for the simulations where the initial profile corresponded to the post-disposal profile after the first mound placement. No wave or water level measurements were available, so numerical hindcasts were utilized. WIS wave information available every 3 hr (10-m water depth) was combined with calculated hourly tidal elevations (DRP, 1994) . It should be noted that the use of WIS data might have overestimated the wave conditions since the effect of bottom friction in the propagation from offshore to the end of the grid was not included (Dally and Osiecki, 2006) . Wave angle was not included in the simulations, and the time and length steps were 20 min and 10 m. A representative median grain size of 0.15 mm was employed in all simulations based on sediment sampling. The calculated waves across the profile demonstrated that only few waves broke in the vicinity of the mound and that the transport in this area due to the breaking waves was small. First, the K c -value from the Silver Strand simulations was input. However, the predictions produced onshore transport rates that seemed to yield excessively large accumulation in the inshore portion of the profile as well as a diffusion of the mound that exceeded the measurements. Thus, K c was re-calibrated, and a value of 0.004 was obtained as optimal for reproducing the measurements. As expected, the difference in K c -value between Cocoa Beach and Silver Strand value agreed with the results from fitting the analytical model to the field data, which also produced a larger value on the diffusion coefficient for Silver Strand that deviated from the other studied sites. The K c -value obtained for the Cocoa Beach simulations with the numerical model was in agreement with the overall estimate from the analytical model, indicating that this value is most likely more representative than the K c -value from the Silver Strand simulations. Fig. 9 illustrates the initial profile together with the final calculated and measured profiles, and Fig. 10 shows a blow-up for the portion of the profile were the measurements were carried out. The calculated inshore portion of the profile displays a shape typical of a composite EBP subject to random waves. A concave shape appears in the region where breaking waves dominate, followed by a change in the curvature going seaward as the bar region is approached and where non-breaking waves start to control the profile shape. Further seaward the profile again attains a concave shape, although in the present case the mound perturbs the profile here. 
Discussion of simulation results
The analytical model was based on marked simplifications of the governing processes and how the initial, boundary, and forcing conditions were employed in the model. In spite of this, the evolution of the mounds investigated could be well reproduced after appropriate values had been selected on a coefficient (K c ) characterizing the mound diffusion. The mound diffusion was related to and K c appeared as a multiplier in the expression for the diffusion coefficient. For three of the four field cases studied, K c attained quite similar values; however, for the Silver Strand case K c exhibited a significantly larger value. One possible reason for this deviation was that the mound at Silver Strand was placed in an area (on top of an existing bar) with more active sand transport, with breaking waves occasionally affecting the transport for the period of study. Overall, the relationship derived for the diffusion coefficient may be used for scoping-mode predictions of the mound response, if the mound is placed outside the surf zone. In such predictions it may be useful to investigate the mound response for a range of K c -values to establish the sensitivity of the response to this coefficient. The numerical simulations reproduced the mound evolution satisfactorily, although there was some discrepancy in the trough area directly shoreward of the mound. The optimum K c -value for Cocoa Beach was significantly lower than the corresponding value found for Silver Strand. This value is in agreement with observations made in fitting the analytical model to the field data, indicating that a value of K c =0.004 should be representative for the transport in the offshore. Again, one reason for obtaining a larger value for the Silver Strand data might be that the material was placed on top of an existing bar, where the transport activity is expected to be higher than at locations further offshore. Other reasons for the discrepancy in K c -values between the two sites investigated might be: (1) differences in wave climate and sediment characteristics between the two sites, and (2) waves were measured at Silver Strand, but hindcasted at Cocoa Beach. More comparisons with laboratory or field data are needed before reliable values for K c can be established and the dependence of K c on different environmental factors resolved. The difference between the analytical and numerical model in predicting the mound response for Silver Strand and Cocoa Beach was not markedly large. The constant diffusion coefficient employed in the analytical model produced a symmetric evolution of the mound that was not in agreement with the observations. A numerical model is able to describe a varying diffusion coefficient since the boundary and forcing conditions can be arbitrary. Also, the numerical model will include the entire profile that is typically of interest in more detailed studies, not only the mound region.
Conclusions
A one-dimensional mathematical model was developed for calculating the time-averaged net cross-shore transport rate and evolution of mounds placed where non-breaking waves prevail. At the mound, the governing equation for the cross-shore transport rate balances contributions by wave asymmetry and gravity, and the rate of change of bottom elevation is controlled or bounded by reference to an equilibrium profile. The resultant equation can be reduced to the diffusion equation for which many analytical solutions exist, if the initial, boundary, and forcing conditions can be schematized. Such solutions yield characteristic parameters controlling the evolution of a mound (or trench) subjected to wave action. The analytical model can be used to investigate the influence of various design and environmental parameters. For example, it can easily be shown that the time scale of change is directly proportional to the square of mound width, inversely proportional to wave height cubed, and directly proportional to the water depth to the three-half power. The analytical model was validated with field data on mound evolution from different sites.
The model can also be solved numerically to account for local changes in forcing and bathymetry. This was done for two of the field sites using a modified version of SBEACH where the transport in the offshore was included. The simulations results with SBEACH improved compared to the analytical model, especially on the seaward side of the mound. Also, in the numerical approach the entire beach profile is included, which yields more complete information on the profile response required in more detailed studies.
A key parameter of the analytical model, the diffusion coefficient, was determined from four data sets that span a wide range of wave conditions. Based on these limited data, an empirical formula was developed for the diffusion coefficient that should be useful in scoping-mode studies of mound analysis and design. The transport coefficient in the SBEACH model, corresponding to the diffusion coefficient in the analytical model, gave values consistent with the latter coefficient. It is concluded that the analytical model has applicability for preliminary design in determining the time scale and movement of material placed in the form of offshore linear mounds and that the numerical model can be used for more detailed investigations of mound response.
